CHAPTER 


MAGNETIC FIELD 


A stationary charge does not experience any force near a current 
carrying wire. But a moving charge does. Two wires carrying 
current are attracted towards or repelled away from each 
other. Since a current carrying wire is electrically neutral, and 
electrostatic force acts on a charge whether or not it is in motion, 
these forces cannot be electrostatic in nature. Thus these events 
are conclusive proof of a force other than an electrostatic force, 
which we call magnetic force. Thus we say that a moving charge 
or a current produces a magnetic field around it in which only a 
moving charge will experience a magnetic force. 

In order to describe any type of field, we must define its magnitude, 
or strength, and its direction. 

Magnetic field is the region surrounding a moving charge in which 
its magnetic effects are perceptible on a moving charge (electric 
current).” Magnetic field intensity is a vector quantity and ‘also 
known as magnetic induction vector. The magnetic field B is also 
called magnetic induction, or flux density. It is represented by B . 
There are two methods of calculating magnetic field at some 
point. One is Biot-Savart law, which gives the magnetic field 
due to an infinitesimally small current carrying wire at some point 
and the another is Ampere law, which is useful in calculating 
the magnetic field of a symmetric configuration carrying a steady 
current. 

The unit of magnetic field is weber/m? and is known as tesla (T) 
in the SI system. 


BIOT SAVART LAW 


Biot-Savart law gives the magnetic induction due to an infinitesimal 
current element. . 

« The magnetic field grows weaker as we move farther from its 
source. In particular, the magnitude of the magnetic field dB 
is inversely proportional to the square of the distance from 


the current element /dL (The direction of dL is same as the 
direction of current at that point). 
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The larger the electric current, the larger is the magnetic 
field. In particular, the magnitude of the magnetic field.dB is 
proportional to the current /. 

The magnitude of the magnetic field dB is proportional tosin 6, 
where @ is the angle between the current element IdL and 
vector 7 (that points from the current element to the point 
in space where. dB is evaluated). The direction of dZ is the 
same as the direction of current at that point. 

The direction of the B is not radially towards or away from its 
source as the gravitational field and the electric field are from 
their sources. In fact, the direction of dB is perpendicular to 
both JdZ and the vector 7. 


These features of field dB can be written compactly as 


ap (Ho MEX? _( ho el 


Here, (t1,/47) is a constant of proportionality and Ff is unit 
vector in the direction of 7 . 


The constant 1, is called the permeability of free space or the 
permeability constant. Its value is 


Ly =4n x 107 Tm/A 


The SI unit of B is tesla (T) which is equivalent to Wb/m’. 
The dimensions of B are [MT?A~] 
The magnitude of dB can be obtained by 


dB -(42} dL sin® 
4n r- 

The direction of dB is perpendicular to both dZ and F, i.e 

perpendicular to the plane of the paper. From the definition of 

the cross product, the field at the point P is directed into the 

paper. Such a field direction is shown by crossed circle (®), 


according to convention. 

The conventional sign for a field coming out of the plane, 
and perpendicular to it, is a dot, namely ©. One way of 
remembering the sign convention is to imagine an arrow 
pointing in the direction of the vector. If the vector points out 
of the paper, we see the head of the arrow, namely, the ©. If 
the vector points into the paper, we see the tail of the arrow, 
namely, ®, 


The direction of B at a point in case of linear and circular | 
current carrying conductors can be found as follows: 


Bue =3(B due to one side) 
Big = 3 x re [cos 60° + cos 60°] 
4nd 


- 2 eos 30° = 4 x 105 W/m’ 
an 30° 


B =3x 10°. = 


net 
Example 3: Find the magnetic induction of the field at the 
point O ofa Joop with current 7, whose shape is illustr ated 
in figure. 
(@) In figure (A) below, the radii a and }, as well as the 
angle are known. 
(#) In figure (B) below, the radius a and the side b are 


B due to straight part AB = 0 = B due to straight part CD 


B due to curved part AD = 
plane of paper.) 


Cae (into the 
20 2a : 


an 4 (Into the plane of paper.) 
4n 


(ii) “tag I 


a 


§ 7 Be fs fd 
Fo" Into the plane of paper 


B due to curved part BC = 9 Pal nak Oe the plane : of 
paper.) 
B _ Hol | a8, o. o 


fy or ° 
B due to CD= va [sin (0) + sin (45°)] 


] 
) 

Into the paper 
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] 
B due to DE = —— Into the plane of 
4 J2nb nto the p ane Paper. 


Into the plane of paper 


Example 4: A long straight wire, carrying current J, is bent 
at its midpoint to form an angle of 45°. Find the magnetic 
induction at point P, distant R from point of bending. 


— By=0 
For B;: ee 45°, 8, = 90° 


x[sin 90°+sin (27 — 45 °)] 


I 
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Example se For the arrangement of figure the magnetic 
field at the center O will be 


Sol. The two coils are siciehicdicils to each other. Coil L 
produce field along x axis and coil 2 produce fiel 
along y axis. Thus the resultant field will be 


B= |B; +B; making an angle 0, tan 6 = B, (By 
For identical coils, B = J2 Grek and @ = 45° : 
! Soy a iss 
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Concept Application 


1. A long wire carrying current / is bent to form a right 
angle as shown in figure. Then magnetic induction at 
point ? on the bisector of this angle at a distance r from 
the vertex is 


‘ 
4 
‘ 
‘ 


Mo? Mol 
a) =o By 20. 
(a) >a (0) + V2) 
(cy Wol@+V2) (a) tol 
: 2nr 4nR 


. In the figure, the magnetic induction at point O is 


Hoi Hoi 
@) 27R ¥) Amr (+2) 
poi (1+V2) © Hal 
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3. Awire of length L carrying current i is bent into circular 
loop with (7) one turn (ii) n turns. Find the ratio of 
magnetic induction at centre in above two cases. 

(a) 4:9 (b) 3: 
(c) 1:7? (d) 2:n- 

4. A and B are the two concentric 
circular conductors of center O 
and carrying currents J, and J, 
as shown in the adjacent figure. 
If ratio of their radii is 1 : 2 and 
ratio of the flux densities at O 
due to A and B is | : 3 then the 
value of J,/J, is 


(a) 1/6 (b) 1/4 
(c) 1/3 (d) 1/2 
5. A current of one ampere is passed through a straight 
wire of length 2 metre. The magnetic field at a point 
in air at a distance of 3 m from one end of the wire but 
lying on the axis of the wire will be 
(4) p/2n (b) /4n 
- (c) p/8n (d) Zero 


mo 
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Field at an Axial Point of a Current carrying 
Circular Loop 


Idi, 
‘ 
dB, 
} es: = 
| - 
/ os, tte. haat 4 
‘f “RL S ' 
ae 
i aes “ai dB, 


Here, angle 0 between the element di and F is n/2 everywhere 
and r is same for all elements, 


lai x?| =rdL sin =r dL 


a= (He IdLr -(a |e 
4n Pr 4n) r 
The field dB has components both along and perpendicular 


to the axis. However, if we consider the contributions of the 
current elements that are diametrically opposite, we see that their 


components normal to the axis dB, will cancel. 


' But the component of dB along the axis is 


LR 
dB, = dB sin a = [a )}A(4) 
: 4n) r r 


The total field is given by the integral of this expression over all 


elements, 
(Uo ) 2InR* 
4n r 


. B=B,= [ 4B, = (va) me 


However, as 7 = R? + x’, and if the coil has N turns, we have 


is) 2nR?IN 
B=|-2 | 


Field at an Axial Point of a Solenoid 


If many turns of an insulated wire are wound around a cylinder, 
the resulting coil is called a solenoid as shown in figure (a). 
The field at a point on the axis of'a solenoid can be obtained by 
superposition of fields due to large number of identical coils all 
having their centre on the axis of the solenoid. 


om 


I Solenoid I 
(a) 
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(5) 


Considering a coil of width dx at a distance x from the point P 
on the axis, figure (b), 


ee (#2 2nNIR? 
mous (R? 4x°)? 
If v is the number of turns per unit length, V =n dv and x = R 
tan 9, i.e., 
dx = R sec* b db, so 
_ (2) 2n(n ax)IR? 
4x, (R° +R? tan? o)*? 


a 
RB =( 2 Jenn] * cost dd 


= [Ht }(anntycoss do 
4n 


or B= [A canna a+sinB] 
4n 


=> B 


ipnl |. ; 
= oe [sin a + sin B] 


_ 


Note: 
(1) If the solenoid is of infinite length and the point is well inside 
the solenoid, a = B = (7/2), 


B= [f Jamun +1] or B=p nl. 
4x 


2) If the solenoid is of infinite length and the point is near one 
end, a = 0 and B= (z/2), 


B= (i) (Qnnl)[1+0] or B=1/2 (Hgnl) 
Tt 


(3) If the solenoid is of finite length and the point is on the 
perpendicular bisector of its axis, a = B, 


B= (es) (4nnI)sina with 
4n 
sina = se ae where L is the length of solenoid. 
VE +4R? . | 

(4) If the solenoid is of finite length and the point is on its axis 
but near one end, B = 0, . 

ea eee 

LP? +R? 

(5) The field variation with distance along the axis of a solenoid 

is as shown in figure. 


B= (zs) (2nnl)sina with sina = 
—\ An 


Magnetic Field Due to Uniformly Moving Charge 
Biot-Savart law gives the magnetic field produced by a current 
element / dZ . However, since / = dq/dt, we can write, 


I dL=— dL =dq—=d 
st Nii 
ape Ho dist (ts) a Dx? 
4n) °° An r 


If a single charge q is moving with a velocity V, it creates 4 
magnetic field given by 
i -( Ho je 
in ] 
: y 
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6: Two long solenoids of area of cross section A 
y. They both carry same current 
mber of turns per unit 


Example 
and 2A are placed coaxiall 
7 in same sense and have same numbe 
length ‘n’. Then magnetic field on axis 1S. 
Sol. Since, both carry current in same sense, hence magnetic 

field will be in same direction. 

Boe: = Hol + Hol = 2Horl 
Example 7: A solenoid of length 0.2 m has 500 turns on it. 
If 8.71 x 10 Wb/m? be the magnetic field at an end of the 
solenoid, then find the current flowing in the solenoid. 
[onl 
2 
500 ish = 

Here n= aa = 2500/ metre, i= ?, B.,g = 8-71 « 10° 


Sol. We know, Bing = 
Beg 28.7181” 


Hot 4x1077 x 2500 
_17.42x10™ _ 0.01742 , 


ct ae 
j= 


Tt Em | 
Example 8: A charge of one coulomb is placed at one end 
of a non-conducting rod of length 0.6 m. The rod is rotated 
in a vertical plane about a horizontal axis passing through 
the other end of the rod with angular frequency 10* x rad/s. 
Find the magnetic field at a point on the axis,of rotation ata 
distance of 0.8 m from the centre of the path. 
Sol. As the revolving charge q is equivalent to a current 


4 
ah seed x 0m sia 


is. Qa? 
4m (R? +x? 2 
B= 10-7 x 28X5x10°(6)" 
1.6)" +(.8P 


Now B= He 


= 1.13 x 10? T 
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Concept Application 


6. Magnetic field due to current carrying circular loop of 
radius 3 cm at a point on the axis at a distance of 4 cm 
from the center is 54 1 T, What will be its value at the 
center of the loop? 

(a) 250 T (b) 150 pT 
(c) 128 pT (@) 75 nT 

7. A long solenoid has 200 turns per cm and carries a 
current of 2.5 A. The magnetic field at the center is 
(uy, = 4a * 10-7 Wb/Am) 

(a) 5.41. 10° Wh/m? —(b) 6.28 « 10° Wb/m’ 
(c) 2.2 x 10° Whim’? (d) None of these 

8. Along solenoid carrying a current produces a magnetic 
field B along its axis. If the current is doubled and the . 
number of turns per cm is halved, the new value of the 
magnetic field is: 


(a) B/2 
(c) 2B 


(b) B 
(d) 4B 


‘AMPERE’S CIRCUITAL LAW 

Ampere’s circuital law gives another method to calculate the 

magnetic field due to a given current distribution. It states: 

The integral $B .dL of the resultant magnetic field along a closed 

plane curve is equal to 1, times the total current crossing the area 

bounded by the closed curve provided the electric field inside the 

loop remains constant. Thus, 

$B-dL = ul 

Note: 

« The magnetic field B on the left-hand side is the resultant 
field due to all the currents existing anywhere, including 
I, and J,. 

« On the right hand side, the current Tis the algebraic sum of 
all currents passing through the area. Any current outside the 
area is not included. (Thus, J, and J, are not included in J.) 
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* To find the sign of the enclosed currents, we assign a sense 
to the curve by putting an arrow on the curve, This becomes 
the direction of dZ . If you curl the fingers of the right hand 
along the arrow on the curve, the stretched thumb gives the 
positive direction of the currents. Thus, ° 


1=1,+L-1, 
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- , . . . pr 
: Ampere’s law is more useful in finding B in certain 
symmetrical conditions, 


APPLICATIONS OF AMPERE’S LAW — 


Field due to an Infinitely Long Straight Current 
Carrying Conductor 


Consider a circular path passing through point P, with centre at 
O and radius d. 


(A) (B) 
We have arbitrarily put the arrow on the circle in anticlockwise 
direction. The magnetic field is along the tangent, as shown. 


Same is the direction of the length-element dL . By symmetry, 
the magnitude of the magnetic field should be the same at all these 
points. The circulation of magnetic field along the circle is 


$B- al =p B dL cos0° = Bh dl = B2nd 
The current crossing the area bounded by the circle is /. Thus, 


from Ampere’s law, 


= aod 
B2nd Uf or ae 
Field Outside and Inside a Thick Long Straight 
Cylinder 


It follows from symmetry that the lines of B are in the form of 
circles with centre at the cylinder axis. For any point P,, outside 
the cylinder, , 

GB: di = Yel 


or B2nr,=pol or Boy =—— 


eorclcH-- 

- =. 

~ ° 
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Thus, for any external point, the straight current carrying 
cylindrical conductor behaves as a straight current carrying wire. 
Consider a point P, lying on the circular contour C, of radius r, 
inside the cylinder. The current enveloped by this contour is 


Where a is the radius of the cylinder 
From Ampere’s Law, 


pB-dL = ol, 


_ Ho I 

On a 

Note: If the cylinder has a shape of a tube, the field outside is same 
as given above, but the field inside the tube is zero, as no current 
is enclosed by the circular contour. 


' 
. 

or Bonr,= y{ 2] or 
a 
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Field Due to a Solenoid 


Let there be n turns per unit length and / be the current flowing. 
‘Longer the solenoid, the less is the field outside. The lines of the 


field B inside are directed along the axis. 


Consider a rectangular contour PORS. The line PQ is parallel to 


the solenoid axis and hence parallel to the magnetic field B inside 
the solenoid. Thus, 


O=- = 
|, B-al =Bi 
P = — _ 
On the remaining three sides, B.d! is zero everywhere as B is 


either zero (outside the solenoid) or perpendicular to dl (inside 
the solenoid). 


Using Ampere’s Law, 
GB-dl =p Of Bl=p(nll) or B=pynl. 


Field in a Toroid 

If a solenoid is bent in a circular shape and the ends are joined, 
we get a toroid. Alternatively, one can start with a non-conducting 
ring or a torus and wind a conducting wire closely on it. 


Draw a circle through the point P and concentric with the toroid. 
By symmetry, the field will have equal magnitude at all points of 
this circle. Also, the field is everywhere tangential to the circle, 
Thus, 


$B-dl =|B dL = Bi dl =20rB 
If the total number of turns is n, the current crossing the area 
bounded by the circle is nJ. Using Ampere’s law on this circle, 


$ B-dL = wy or - 2nrB = nl or gs ee 
2nr 


Note: The magnetic field varies as 1/r inside a toroid. If th 
chosen contour passes inside or outside the toroid, it dogs ng 
envelop any currents, hence 2nrB = 0, i.e., B = 0. 


Field Due to an Infinite Current Sheet 


Consider an infinitely large sheet of current, with A linear Curten 
density (i.e, the current per unit length). Imagine a rectangula 
loop abcda around the sheet as shown. The current enveloped by 


this contour is 
1=XL 


caren” ANOS’ ala St 


— CO 


For this symmetry, the magnetic field is uniform on the two sides 
of the sheet. Applying Ampere’s law, 


b- = Cc -~- = d - = qa->- > 
or f Bal+] Bal +| BaL+| Bal = poh 
Here, along the paths b > c and d— a, B is perpendicular tc 
dL . Hence, 
[, Bai =[" Badl =0 

b.. d a ; 
Further, along the paths a > b and c > d, B is parallel to dL. 
Hence, ; 


[° Bab=[° Bal = BL 


2BL=p,AL or p= Hor 


: | > 3 
Example 9: Find the value of ¢ B .dé for the loops L,, L,, 
> 


L, in the figure shown. The sense of df is mentioned in the 


>> 
Sol. For L, ) B.dl=\o(, -1,) 


“Here /, is taken positive because magnetic lines of | 
force produced by /, is anti clockwise as seen from top- 


as > 
/, produces lines of B in clockwise sense as seen from 


—> 
_top. The sense of dé is anticlockwise as seen from top: 
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Example 10: A long hollow cylindrical wire carries a 
current J. The internal radius is R and external radius is 22. 


ay 
ForL,: $ B.dl = jo(t; ~1,4+1,) 


>> 
For L,: f B.dt =0 


The magnetic field at radial distance x (R <x < 2R) 


Sol. 


9. 


10. 
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Now, according to diagram, 
$s dl = B2xx 
Current through ampere’s loop of radius x is i 
Hence, 
ie (n(x)° — 2(R)*) 
(n(2R)° — nR”) 
ra I(x? = ) 
3R- 
By Ampere’s law, 
tae Mol (x 3 
3R- 
a Hol (x -R*): 


B 3 
6mR°x 


Concept Application 


A long solid cylindrical wire with radius of cross 


section ‘R’ has current density J = 3x A/m? (where x is | 


radial distance). Find magnetic field at x > RK 


R? R? 
(a) Ho (b) Ho 
x xX 

2 iy 

Hox 2H yx” 

fo * Acca d peck tt RSENS 
(c) > (d) : 


A long hollow cylindrical wire of internal radius 
R external radius 2 carries a uniformly distributed 
current /, Another long solid cylindrical wire of radius 
~ Recarries equal current /. The ratio of magnetic field at 
x =3R from both wire is (x is radial distance) 

(a) 1 
(c) 3 


(b) 2 
(d) 4— 


Il. Accurrent of 1/4 ampere is flowing through a toroid. 
It has 1000 number of turn per meter. Then value of 
magnetic field (in Wb/m?) along its axis is : 


(a) 10? (b) 10% 


(c) 10% (d) 107 
. Along straight wire of radius a carries a steady current 


/, The current is uniformly distributed across its cross- 


section. Find the ratio of the magnetic field at ©“ and 
2a. 2 


(a) 1 
(c) 3 


‘MAGNETIC FORCE ON” 
MOVING CHARGES 
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An electric charge at rest, kept in a magnetic field, experiences no 
force. Magnetic field acts only on moving charges. 


The force exerted by a magnetic field B onacharged particle g 
moving with a velocity V is given by 

F = q(x B) 
The magnitude of this force is given as 

F=qvB sin ® 
where 6 is the angle between velocity vector Vv and the magnetic 
field vector B. 
The direction of the force is same as: the cross-product. It is 
perpendicular to the plane containing V and B , and is given by 
the right-hand rule. 
If the vector ¥ and B are specified in a three-dimensional space 
in terms of their components along x, y and z-axis as 

v= v,i + v,J + vk 
and B=B,i +Byj+ B,k 


Then the magnetic force F is given as 


Ligh vk 
F=q (}x B)=q |v, Vy V5 
B, B, B,| 


=9, i(v,B, -v, By) ig J (v,B, -v,B,)+ gk (v,B, —v,B,) 
Note: Carefully that : 
(1) The force on a positive charge is in the direction of v x B but 
the force on a negative charge is opposite to the vector Vx B . 
_ F=q(¥~xB) 


SE 
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(2) There can be any angle between the vectors ¥ and # , but the 
resulting force F on the charge is always perpendicular to v 
(as well as to B ), 

(3) If the motion of the charged particle is collinear with the field, 
i.e., 0=0° or 180°, = qvB sin 0 = 0 
Thus, a moving charged particle docs not experience any 
force in a magnetic field if its motion is parallel or antiparallel 
to the field. 


DIFFERENCE BETWEEN MAGNETIC 
FORCE AND ELECTRIC FORCE 


(1) Magnetic force is always perpendicular to the field, whereas 
electric force is collinear with the field. 

(2) Magnetic force is velocity dependent, i.e., acts only when 
the charged particle is in motion, whereas electric force (qF) 
is independent of the state of rest or motion of the charged 
particle. 

(3) Work done by magnetic force is zero when the charged 
particle is displaced (since magnetic force is perpendicular to 
velocity), whereas electric force might do work in displacing 
the charged particle. — 

(4) Magnetic force never acts on a charged particle at rest. 
(as v= 0) 

(5) Magnetic force never act on uncharged (neutral) particle 
(as g = 0) 


——— 
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MOTION OF A CHARGED PARTICLE INA 


eee ne eal 


Case I: Straight Line Motion 

If a charged particle q is projected into a uniform magnetic field 
B with a velocity ¥ which is parallel to the field lines, the force 
experienced by the charge is zero. Hence, it travels in a straight 
line with uniform velocity. 


Case II: Uniform Circular Motion 
If a charged particle g is projected into a uniform magnetic field 


B with an initial velocity ¥ perpendicular to the magnetic field, 


it gets trapped in a circular path. The force exerted by the field 
2 


: m 
provides the necessary centripetal force, qvB = ne : 
i 


where r is the radius of the circular path. Thus, we have r = isd 
, . . qB 
The radius of the orbit is directly proportional to the linear 


momentum of the particle and inversely proportional to the 
magnitude of magnetic field. 
' v 


The time period of the orbit is given by 


a 207 _ 2nm 
<< 2 


Time period is independent of velocity. All particles with same 
charge-to-mass ratio (g/m), have the same time period ina Biven 


magnetic field. 


Case Ill; Motion in Helical Path 

When a charged particle is projected into a uniform magnetic 
field at an angle, it travels in a helical path. The figure shows 
uniform magnetic field B along positive x-direction. A charge g 
is projected with velocity ¥ making an angle 0 with x-axis. The 


two components of the velocity are v, = v cos 8 and v, = v sin 6, 
The component v, is along the field and hence remains unchanged 


by the field. However, the component v, is perpendicular to the 
field, and the particle describes a circle (in a plane perpendicular 


to the field, i.e., in y-z plane) of radius, 


ris m(vsin @) 
qB 


and time period 


2mr 2mm 


The projection of the helical path onto y-z plane will be a circle. 


Whereas the projections onto the x-y plane or the x-z plane will be 
sinusoidal. The pitch of the helix is defined as the linear distance 
moved by the charged particle along the magnetic field in one 
revolution, and is given as 


2mm 


p= (v cos 0) T= 


vcos@ 


Exemple i: A 64 uC charge traveling with velocity || 
¥=(4i +27) m/s enters a region of magnetic field of 


induction B = (—Si+3j)T . Compute the force experienced | 
by the charge. | 


Sol. Both ¥ and B lie in the x-y plane. Therefore, the 
magnetic force # must be along the z-axis. Let US | 
ae compute F using determinant method, | 
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= 
F =q(0xB) =(64x 109} 4 2 
3 


~3 0 


= (64 x 10°) [/(0) = 7(0) + K(12 +10) 
=(1.41x% 10°K)N 
Example 12: An electron with a kinetic energy of 10° eV 
moves perpendicular to the direction of a uniform magnetic 
field, B = 10° T. 
(2) What is the period of its orbit? 
(i) What is the radius of the orbit? 
Sol. (2) Time period is given by 
2am 2n(9.1x107*') 
eB (1.6x107'?)]10*) 
or T=3.6x 10's 
(ii) Radius of the orbit is given by 
mv p ; 


eb eB 
The momentum of the electron can be obtained from 
kinetic energy as 


p=mv=V2Km = ¥21.6x10"'°) (9.1x10™') 
=1.7x 10 kg m/s Bee 


fs —23 
eis (5k ae Se 


~ (1.6x107 (10) he ee 
Example 13: An a-particle is accelerated by a potential 
difference of 10* V. Find the change in its direction of 
motion if it enters normally in a region of thickness 


0.1 m having transverse magnetic induction of 0.1 T [Mass 


of a-particle = 6.4x107 kg]. ; 

Sol. When an o--particle is accelerated by 10* volts, its 
kinetic energy will be.K = (2e) (10* V) = 2 x 10% eV. 
The radius of the circular path is 


_ (2%6.4x1027 x2x10* x1.6x10"7)!" 


2x1.6x10" x0.1 . 
Now, the angle between tangents at two points will be equal 
to the angle between OA and OB. Hence the change in the 
direction of the pare as it passes the field, | 


=0.2m 
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0 = sin”! (+) = sin"! (a) = 30° 
U ().2 


Example 14: A beam of protons with a velocity of 
4 x 10° m/s enters a uniform magnetic field of 0.3 tesla at 
an angle of 60° to the magnetic field. Find the radius of the 
helical path taken by the proton beam. Also find the pitch 
of the helix. 


Sol. Component of the velocity perpendicular to the 
direction of the field, 


v, =v sin 8 = 4 x 10° sin 60° = 2V3 x 10° m/s 
Component of the velocity parallel to the field, 
vy, =v cos 8 = 2 x 10° m/s 
The radius of the helix is given by 
_ mv, _ 167x107" x23 x10° 
qB 0.3x1.6x10 
The time period of revolution is 


= 0.012 m 


27 
dah ee = 7 185 x 10°7s 
qB 0.3x1.6x10" 


Pitch of the helix = T x v, 

= 2.185 x 107 x 2 x 10°=4.37 x 10° m 
Example 15: A particle of mass ‘m’ and charge “q’ is thrown 
from origin with velocity vj. A uniform magnetic field exist 
in the region B= Bo (-k) . The equation of trajectory of 


_ particle is 
' Sol. The particle will follow trajectory given below. 


General eq of circle will be {x — (r)}? +3" =r where 
r=mv/qB, 


Concept Application 


13. Acharged particle with charge q and mass ‘m’ is thrown 
into space having only magnetic field B = By with a 
velocity ¥ = vyi +Vp/ . Find the distance travelled by 


Cer . 2am 
particle in time f= 
2TUNVo 
(a) zero (5) ~“oB 
r Y 
i 2mvo (a) 22 TD:, 
qB = 


14. lf a proton and deuteron and a-particle on being 
accelerated by the same potential difference enters 
perpendicular to the magnetic field, then the ratio of 
their kinetic energies is 
fa) 1:52:32 
fc) 1:20. 

. Aproton of mass “m” and charge “ec” is fired parallel to 
a uniform magnetic field of induction “B”. The radius 


of curvature of the path of the particle in the field is 


(a) Be’mv (b) mv/Be 
(c) Zero (d) Infinity 

. A2 MeV proton is moving perpendicular to a uniform, 
magnetic field of 2.5 tesla. The force on the proton is 


(b) 8 x 10° newton 


(a) 2.5 x 10° newton 
(a) 8 x 10-8 newton 


(c) 2.5 x 10 newton 


[ LORENTZ FORCE 


When a moving charged particle is subjected simultaneously to 
both electric field E and magnetic field B , the moving charged 
particle will experience electric force Fo= gE and magnetic force 
F. =a(¥x B) Therefore, net force on it will be 


F = gE +(¢xB)] 
which is called the Lorentz-force equation. 
Lorentz equation is universal. It is valid for constant as well as 
for varying electric and magnetic fields, and for any velocity Vv 
of the charge q. 
Depending on the directions of ¥,E and B various situations are 
possible. The motion of the charged particle in general is quite 
complex. Here, we consider only two simple cases: 


Case I: When ¥.£ and B are Collinear . 
As the particle is moving parallel or antiparallel to the magnetic 
field, the magnetic force on it will be zero. The electric force F;, 
will produce an acceleration, 

A 5 
ee gE 

m mM ) 
The particle follows a straight line path with change in speed. So in 
this situation speed, velocity, momentum and kinetic energy all will 
change, without change in direction, of motion as shown in figure. 


-_—$—$<$— —— ———_—_—_—_——_—> 
gq » q v 
On rm mr rrr rrr rrr rrr “O77 
—<—__»> 
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Case II: ¥,E and B are Mutually Perpendicular 
In this situation we consider a specific case when E and B are 
such that 


F=F,+F, =0 > G=(F/m)=0 
The particle will pass through the field with same velocity. And 


in this situation, as 


F.=F, or qE=qvB v=E/B 


E 
i a 
q v : q Vv 
nie ——_ 
RB Ff m 


Brain 


Example 16: An electron (mass = 9.1 « 10°! kg; charge = 
1.6 x 10°!’ C) experiences no deflection if subjected to 
an electric field of 6.4 * 10° V/m, and a magnetic field of 
7.0 x 10° Wb/m’. Both the fields are normal to the path of 
electron and to each other. If the electric field is removed, 
t will be the radius of orbit in which electron will 


then wha 
orbit? 


Sol. For no deflection of electron, y= 7 


5 
Thus, yx SE 2 32xi0? m/s 
2107 
So, the radius of orbit after electric field is 


1S 


switched off 


mv _ 9.1x107) x3.2x10" oe 
gB. 1.6x107!x2x10™ 
‘Example 17 : A charge particle having charge 4 coulomb is 
thrown with velocity 2i+ 37 inside a region having E= 2j 
} and magnetic field 5i . Find the initial Lorentz force acting 
_ on the particle: 


‘Sol. Lorentz force F = qQ(E+vxB) 
FP s4aj+ (27+37) x 5k] 
Ge 4[27 +10(-7)+15i] = 607-32) 
Example 18: A proton beam passes without deviation 
through a region of space where there are uniform transverse 


mutually perpendicular electric and magnetic fields with 


cc kV 
E = 120 *~— and B = 50 mT. Then the beam strikes a 


grounded target. Find the force with which the beam acts 
on the target if the beam current is equal to / = 0.80 mA. 


Sol. For no deviation 


eE = evB 
AE 12 ee er 
Pay Te Se ey x } 
B 5x10" Piast 


Beam current = 0.80 mA 
Number of protons hitting the target per second 
_ 080x107 
1.6x107"° 
Momentum of protons = 2.4 x 10° x 1.673 x 10°” 
=4x 107! kg m/s 
Since the final momentum is zero, force on the target 
= Rate of change of momentum — ee 
 =§x 10x 4x 102 =2x 10° N, 


= 5x10! 
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17, An electron enters a region where magnetic (2) and 
electric (F) fields are mutually perpendicular to one 
another, then 


Concept Application 


(a) It will always move in the direction of B 
(b) Wwill always move in the direction of £ 
(c) lalways possess circular motion 
(@) Itecan go undeflected also 
18. A particle of charge —16 < 10 coulomb moving with 
velocity 10 ms | along the x-axis enters a region where 
a magnetic field of induction B is along the y-axis, 
and an electric field of magnitude 10° V/m is along 
the negative z-axis. If the charged particle continues 
moving along the x-axis, the magnitude of B is 
(a) 10° Whi? (b) 10° Wh/ir? 
(c) 10° Whim? (a) 10'° Wb/m? 


FORCE ON A CURRENT CARRYING 
CONDUCTOR INA MAGNETIC FIELD 


Loa RRR eet 


A conductor has enormous number of free electrons, the negatively 


charged particles. When current flows through a conductor, these 
moving electrons experience a magnetic force which is then 
transmitted to the conductor. 
Thus, the basis of a current carrying conductor experiencing a 
force when kept in a magnetic field is the Lorentz force on moving 
charges. 
When a current elemert IdL is placed in a magnetic field B, it 
experience a force, 

dF =IdLxB 
The magnitude of this force is dF = BI dL sin ) 

(i) The force will be minimum (= 0) when sin 0 = 0, 1... 6=0° 
or 180°. That is a current element in a magnetic field does not 
experience any force if the current in it is collinear with the 
field. 


(ii) The force will be maximum when sin 0 = I, i.¢., 0 = 90°. 
That is, the force on a current element in a magnetic field is 
maximum (= B/dL) when it is perpendicular to the field. 

(iii) The direction of the force is given by the cross product 
Idi xB. | 
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Important Points 


(i) The force BldLsinO is not a function of position r. That is, the 
magnetic force on a current element is non-central. (A central 
force is of the form F' = Kf{r) A, ) 

(ii) The force dF’ is always perpendicular to both B and IdL, 
though #B and / dL may or may not be perpendicular to each 
other. 


(iii) If the magnetic field is uniform and the current is constant, 
both can be taken out from the integral, 


P= [dF = [1 dlxB=1\{di\xB 
‘The integral fal 
vector sum of all the length elements 
from initial point (A) to final point 
(B). It shows that the force on a 

~ curved current carrying wire of any 
arbitrary shape between points A and 
B kept in a uniform magnetic field, 
is same as that on a straight current 
carrying wire joining these points. 


represents the 


x X KX x 

KX MM MR 
x x 
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FORCE OF INTERACTION BETWEEN TWO 
LONG PARALLEL CURRENT CARRYING 
WIRES 


The net force on a current carrying conductor due to its own field 
is zero. However, if there are two long parallel current carrying 
wires 1 and 2 as shown, wire 1 will be in the field of wire 2 and 
vice-versa. So the force on dL, length of wire 2 due to field of 
wire |, 


Ho \ 24 Ho \ 2/1 
‘ 2, = al (S2 d (i) d 7 


Therefore, the force per unit length is: 

dF, (to \2hts 
“dL, -( te) iu d 

Same will be true for wire-1 in the field of wire-2, 


af (us) 
dl, \4n) d 


‘The two forces are seen to be equal in magnitude. Therefore, the 

interaction force per unit length in case of two parallel current 

carrying wires separated by a distance d is given by 

dF {Wo \ 2/15 
4n 


ab d 


The direction of the force can be determined in accordance with 
the rules specified. It is found that the force between the wires 
18 attractive if the currents in them are in the same direction, 
otherwise repulsive (this is opposite to that of what happens 
between two charges). 


SI Unit of Current 

The SI unit of current ampere, which is one of the base units is 
defined using the above concept as follows: 

One ampere of current is the current which when passing through 
each of two parallel infinitely long straight conductors placed in 
free space at a distance of 1 m from each other produces between 
them a force of 2 x 10° newton for one metre of their length. 


‘CURRENT CARRYING LOOP 
IN A MAGNETIC FIELD 


eR ae gh a 


In a Uniform Magnetic Field 


If the current carrying loop of any arbitrary shape is placed in a 
uniform magnetic field, the net force is 


F = dF = G idl xB=1{hdl} xB =0 
(as the vector sum of dL fora closed loop is always zero) 
Thus, the net magnetic force on current loop in a uniform magnetic 


field is always zero. 


Note that different parts of the loop may experience elemental 
force due to which the loop may be under tension (Figure (a)) or 


may experience a torque (Figure (b)). 
@ @ @B 


=0 
#0 


(b) Closed loop experiences a torque 


In a Non Uniform Magnetic Field 
When a current carrying conductor is situated in nonuniform 
magnetic field, its different elements will experience different 


forces. Therefore, the net force /, is not zero. However, the torque 


t acting on a loop may or may not be zero. 


Consider a current carrying rod CD placed Pela agpae fe 
long current carrying conductor AB. The element of the rod nearer 
to the conductor AB will experience larger force dF, as ag 
Obviously, the rod experience a net force and also a net torque. 

free to move, the root CD will translate as well as rotate to a new 
osition C’ D’. In this position, the torque 7 becomes zero and the 


P 
rod experiences a net repulsive force. 
x x 
A| * : p 
x 
x , F, 
x \ x 
ar | dt eg 
, ae x Pat 0 
Weed t#0 
B x x x 


Next consider a rectangular loop PORS placed in the magnetic 
field produced by a long current carrying conductor AB. The 
elements of sides PO and RS experience different forces, as 
shown. The forces acting on the side PQ are equal and opposite to 
the forces acting on side RS. Hence, the loop experiences no net 
force in vertical direction. 

A 


B 


The side QR experiences an attractive force and the side SP 
experiences a repulsive force. However, as OR is nearer to AB 
as compared to SP, the attractive force is large than the repulsive 
force. Hence the loop experience a net attractive force F,. Note 
that no torque is acting on the loop. 


_ Train Your Brain 


Example 19: A rigid square loop of side a carrying current . 
I, is lying on a horizontal surface near a long current J, 
carrying wire in the same plane as shown in figure. Find the 
net force on the loop due to wire. 


Sol. /, and F’, cancel each other (From symmetry 


Force on PQ will be F, = 1,B, a : 
ai: Holi ies bolt , 


“ 2na 2n 
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Force on RS will be Fy = /,B, a= na 
a Holo!) 


lly! 
Pot? => (repulsion) 
4x 
Example 20: In the adjoining figure the two parallel wires 
PQ and ST are at 30 cm apart. The currents flowing in the 
wires are according to figure. The force acting over a length 
of 5 m of the wires is 
10A 
P Q 


T 
ISA 


Sel. When currents flow in two long, parallel wires in the’ 


same direction, the wires exert a force of attraction 


on each other. The magnitude of this force acting Per : 


meter length of the wires is given by 


p= Hobe _ 94107 12 Nim 
2x R R a 
Here i, = 10 A, i, = 15A, 
R=30cm=03m-" 
F=2% 107 o> =I» 
0.3 
Force on 5 m length of the wire 
=5x(1~ 10°) = (5 x 10") = 5x 10-'N (attraction) 


10* N/m 


Ge) Concept Application 


19. A closed loop is placed in a uniform magnetic field. If 
the force experienced by the loop is F, then 
(a) F =0, always. 

(b) F =0, only it B is perpendicular to loop. 
(c) F=0, only if B is parallel to loop. 
(d) F may be equal to zero. 

20. A horizontal magnetic field at a certain place is 
3.0 x 10° T and has a direction from the south to 
north. The force per unit length on a very long strai ght 
carrying a steady current of 1.2A in east to west 
direction is: ae 
(a) 3.0 10° Nm! 

(c) 3.6* 10°-Nm" 


(b) 3.2 * 109N m" 
(d) 3.8% 10°Nm! 
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MAGNETIC DIPOLE MOMENT 


Magnetic field lines due to a solenoid are very similar to those of 
a bar magnet. A bar magnet (or a solenoid) can be thought of as a 
‘dipole’. Its field lines resemble very close to those of an electric 
dipole. This connection is made more precise by associating a 
magnetic moment with a current loop . 


Current Loop as Magnetic Dipole 

The magnetic moment p,, associated with a current loop carrying 
current / and of area A is defined as 

Pm = IA 

Where 77 is a unit vector normal to the loop, whose direction is 
connected with the direction of current in the loop through the 
right-hand screw rule. If the current is directed along the four 
curved fingers of the right-hand, # (and hence 7, ) is directed 
along the stretched out thumb. 


Note: 
(1) Magnetic moment is a vector, with magnitude, 
Dig = 1A 


(2) Its SI unit is A m’. 

(3) Its dimensions are [Z7A]. 

(4) Its value depends on the current in the loop and its area. It 
is independent of the shape of the loop, whether circular or 
rectangular or any other arbitrary shape. 

(5) If the loop (or the coil) contains N number of turns, 


Pm = NIA © 


Charged Particle Moving in a Circle 
Consider a particle of mass m and having charge g moving with a 
velocity ¥ ina circle of radius R. The associated current is 


_ eo Sz 
T 2nR 
Area of the circular path is 
A=nmR* 


. qv l 
, = [Ah = —— aR? a== vRn 
Pm InR q 


= 


But the angular momentum of t this particle is 


P.. 
on me 
é \ 
3 R— ’ 
XY a! 
“os. eee A 
ah Op ae 
q 
Vy - 
L=mvR yt 
om q =F ) SEY OF 
Pn = 5h 
2m + 


TTT oo 


ra the magnetic moment of a charged particle moving in a 
a € 18 (g/2m) times its angular momentum. Note that if the 
charge on the particle is negative (¢.g., an electron), the ji, is 


directed opposite to L. , 


Field Pattern Due to Circular Coil 


A circular coil carrying current behaves like a thin dise magnet. 


One face of this magnet is north pole and the other is south pole. 
Just look at one face of the coil, If the current around the face is 
in anticlockwise direction, it is a north pole (see figure). On the 
other hand, if the current is in clockwise direction, then the face 
is a south pole (see figure.) Note that the anticlockwise direction 
of current coincides with the arrowheads at the ends of the letter 
N; and the clockwise direction of current coincides with the 
arrowheads at the ends of the letter S, 


Kc 


(b) View from side A 


(c) View from side B 


(a) Perspective view 


Magnetic Field Due to a Magnetic Dipole 


Magnetic field due to a current carrying coil of radius R, at an 
axial point at a distance d is given as 


Ps [is | a 
4n)(R°+d~) 
If d>> R, i.e., for very distant axial point, 


2 
wi 

p-| eo Rank = Ho )2/ mR” p=to-Pm 
4n) d° 4n) @ 4n d 


Compare this, with the expression for the electric field due to an 
electric dipole, : 


2 
(a) 
4mé, ) d 


The remarkable similarity of the above two expressions justify 


associating a magnetic dipole with a small current loop. 


Torque on a Magnetic Dipole 

Just as an electric dipole placed in an electric field experiences 
a torque, similarly a magnetic dipole (a current loop) placed in a 
magnetic field experiences a torque. | 

Consider a rectangular loop of sides a and 6, carrying a 
current /. Let it be placed in a uniform magnetic field B. Let the 
angle between the direction of B and the perpendicular to the 
plane of the coil be 0. 


(a) Side View "~"1(b) Top View 


. The element R: 
The element PQ experiences an pM sate Bice ait ee 
i lownward. 50, ( 
experiences an equal force ¢ y 
pi to these are zero. in figure seni <i SP 
| , si ach 0 e forces 
is equal and opposite to t 


has magnitude /aB. Since the same line, a net 
torque is produced, 

t = force x (force-arm) =Ja 
or t= JabB sin 0 = US sin 0) B 


where A = ab is the area of the loop. The erage ents. 
such as to rotate the loop clockwise. The torque ¥ y defined 6 


As shown 
he force on QR. 
these are not along 


Bxhsin 9 


t = i xB . : . 
where p,, = /A is the magnetic moment having a direction 
m 
perpendicular to the plane of the loop. ; | 
ole (of dipole moment BP, ) placed in 


The torque on an electric dip 
an electric field E is given as 

t= p,xE . 
Once again, the similarity of these two expression 
current loop is a magnetic dipole. 
If the loop has N turns, the torque produced becomes 


t = NIBA sin ) 
Potential Energy of a Current Loop 


s confirm that a 


When a bar magnet is freely suspended in Earth’s magnetic field, 


it aligns itself such that its north pole points towards geographical 
north. Similarly, when a current loop is suspended in a uniform 
magnetic field, it rotates to attain equilibrium position, in which 
it lies with its vector magnetic moment 7,, in the same direction 
as the field B . 

Consider a rectangular loop ABCD, carrying current / placed ina 
magnetic field B along z-axis. The loop can rotate about an axis 
parallel to x-axis, and passing through the mid-points of the sides 
AB and CD. If the normal to loop makes an angle 6 with the z-axis, 
the torque acting on the loop is . 


t=—p,, B sin 9 


oot 


y 


The extra minus sign is includ 
Pea at ed here because the is in the 
direction of decreasing 0. bans clog . 


Work done dW in rotating the di 
against this torque is 


dW=t d0=-p,, B sin 0 dd 


Therefore, the work done in rotatin 
position 0, to 8,, 


pole through a small angle @) 


& the dipole from angulat 


— 9 i | 
W= os PmBsin® dO = p,, B [cos 0, —cos 0, ] 


If the dipole is rotated from field 


+e! ; direction, i Te 
position 0, ie., 0,, we have rection, i.e., 8, = 0 to any 


W =p, B [1 cos 0] 


Ss Va an 
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Kor a dipole placed in a magnetic field, the potential energy U 
of the dipole is defined as the work done in rotating the dipole 
from a direction perpendicular to the field [Figure (/)] to the given 
direction, 1.€., 
.7= W(8) — W(90°) 

= p,,B (1 — cos 9) - p,,B 

= —p,,B cos 0 


or U=-p,,:B 
This is similar to the potential energy of an electric dipole moment 


p, placed in an electric field E , 


U=-p,£ 
The potential energy of magnetic dipole is minimum (= -,,8) 


when ,, and B are parallel [Figure (a)]. This is the position of 


stable equilibrium. In this position, t = 0. When Pm and B are 
antiparallel [Figure (c)], again t = 0, work done is 2p,,B and the 
potential energy is p,,B. This is the maximum potential energy the 
carrent loop can have. It is in unstable equilibrium. 


@=0° (Bp, || B)O=90° (Pm L B) O= 180° (Pm anti | B) 


==0 (min) t=p,,8 (max) t=0 (min) | 
W =0 (min) W = p,,B W = 2p,,B (max) 
U=—p,,B (min) U=0 U = p,,B (max) 


Stable equilibrium No equilibrium Unstable equilibrium 


Comparison between Electric and Magnetic 
Vipoles 
S.No. 


Property Electric Dipole Magnetic Dipole 


Definition 


Field ata 
distant point 
along axis (end- | 


on position) 


Field at 

a distant 

point along . 
perpendicular 
bisector 
(broad-side-on 
position) 


@ ‘Moving Charges and Magnetism 


~~ teen 


S.No. Electric Dipole 


Property 
Torque in an 
external field 


Work done 
in rotating 
the dipole in 
an external 
field from its 
equilibrium 
position 


Magnetic Dipole 


Potential ener ~ 
; BY! U = —p, 
in an external 

field 


The torque acting on a current loop placed in a magnetic field 
forms the basis of working of a galvanometer (and also of electric 


motor). 


Soft iron core 


Uniform radial 
magnetic field 


By placing a cylindrical soft iron core inside the coil, the magnetic 
field is made uniform and radial. Thus, the angle 6 = 90° for any 
position’ of the coil. The deflecting torque acting on the coil 
becomes 
t, = BINA 

The coil rotates, the pointer moves on the scale, the spring winds 
and produces a restoring torque t,. If & is the restoring torque per 
unit twist, and @ is the final or steady state deflection (or rotation) 
of the coil, we have 


Deflecting torque t, = Restoring torque Tt, 


BINA = ko 
k 
=> /=— 
BIA® 
or 1=K,h 


Where Kg I is galvanometer constant. _._ 


Thus, we see that the current passing through the coil is directly 
proportional to its deflection. — oo oa 2 ce tg 

By suitable modifications, a galvanometer can bé converted into 
an ammeter or a voltmeter. eat 
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Example 21: A coil in the shape of an equilateral triangle 
of side 0.02 m is suspended from a vertex such that it is 
hanging in a vertical plane between the pole pieces of a 
permanent magnet producing a horizontal magnetic field of 
5x 10° T. Find the couple acting on the coil when a current 
of0.1 ampere is passed through it and the magnetic field is 
parallel to its plane. 


Sol. The area of the coil is 


l . > we 
4=—LxLsin6d® = + (0.02 =A = V3x104m? 


lts magnetic moment, 


p, =14=0.1 x V3 x 1045 V3 x 105 Am? 
Now the couple on current carrying coil in a magnetic 
field is given by 


t=p,,%B 
or t=p, Bsin90°=p B 
or t= (V3x105)x5x107 =5V3x107 Nm 


Example 22: A electron in an atom is revolving in 
anticlockwise direction in a circular orbit of radius r. (7) 
Obtain an expression for the orbital magnetic moment of 
the electron. (ii) The atom is placed in a uniform magnetic 
induction § such that the plane-normal of the electron 
orbit makes an angle of 30° with the magnetic induction as 
shown. Find the torque experienced by the orbiting electron. 


(ii) In case of a current loop in a magnetic field, the 
torque is given by - 

~s ase B evr « (B) as B 
t= Pa ee a” mK ae 


where & is a unit vector coming of the pees 


. Acircular coil of radius 4 cm and 100 turns. In this coil 


a current of 2A is flowing. It is placed ina magnetic 
field of 0.1 weber/m?. The amount of work done in 
rotating it through 180° from its equilibrium position 
will be 

(a) 0.15 (b) 0.25 

(c) 0.45 (d) 0.85 


. Arectangular loop carrying a current / is situated near 


a long straight wire such that the wire is parallel to 
one of the sides of the loop.and the plane of the loop 
is same as that of the left wire. If a steady current / is 
established in the wire as shown in the figure the loop 
will 


(a) Rotate about an axis parallel to the wire. 
(b) Move away from the wire. 

(c) Move towards the wire. 

(d) Remain stationary. 


. The magnetic moment of a circular orbit of radius ‘?’ 


carrying a charge ‘q’ and rotating with angular velocity 
@ is given by 


(a) 


qor ger? 
2 (6) 


qo 
(c) = (a) gor 


. The coil of galvanometer consists of 100 turns and 


effective area of 1 square cm. The restoring couple 
is 10° N-m/rad. The magnetic field betiveen the 
pole pieces is 5T. The current Sensitivity of this 
galvanometer will be 

(a) 5 x 10* rad/pA 

(b) 5x 10° rad/A 

(c) 2x 107 rad/A 

(d) 5 rad/wA 
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